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PURPOSE. To assess the morphologic, biochemical, and optical properties of bovine lenses
treated with hyperbaric oxygen.
METHODS. Lenses were exposed to hyperbaric nitrogen (HBN) or hyperbaric oxygen (HBO)
for 5 or 15 hours, lens transparency was assessed using bright field microscopy and lens
morphology was visualized using confocal microscopy. Lenses were dissected into the outer
cortex, inner cortex, and core, and glutathione (GSH) and malondialdehyde (MDA)
measured. Gel electrophoresis and Western blotting were used to detect high molecular
weight aggregates (HMW) and glutathione mixed protein disulfides (PSSG). T2-weighted
MRI was used to measure lens geometry and map the water/protein ratio to allow gradient
refractive index (GRIN) profiles to be calculated. Optical modeling software calculated the
change in lens optical power, and an anatomically correct model of the light pathway of the
bovine eye was used to determine the effects of HBN and HBO on focal length and overall
image quality.
RESULTS. Lenses were transparent and lens morphology similar between HBN- and HBO-
treated lenses. At 5- and 15-hour HBO exposure, GSH and GSSG were depleted and MDA
increased in the core. Glutathione mixed protein disulfides were detected in the outer and
inner cortex only with no appearance of HMW. Optical changes were detectable only with 15-
hour HBO treatment with a decrease in the refractive index of the core, slightly reduced lens
thickness, and an increase in optimal focal length, consistent with a hyperopic shift.
CONCLUSIONS. This system may serve as a model to study changes that occur with advanced
aging rather than nuclear cataract formation per se.
Keywords: hyperbaric oxygen, oxidative damage, optical changes
Age-related nuclear (ARN) cataract is the leading cause ofblindness worldwide1 and is associated with protein
modifications caused by oxidative damage to the lens.2 With
advancing age, there is significant depletion of the antioxidant
glutathione (GSH) specifically in the lens core, which renders
proteins within this region susceptible to oxidative damage.2
Animal models have been developed to mimic the cataracto-
genic process as a means of testing the efficacy of various
antioxidants to slow down, or prevent the progression of
cataract.3 However, the results of these studies have been
somewhat limited, mostly due to lack of scientific rationale
behind the selection of the compound being tested, and
second, by the selection of the animal chosen that is presumed
to best replicate the changes that occur in human ARN cataract.
High-pressure or hyperbaric oxygen (HBO) has long been
used as therapy in humans for decompression sickness,4 air
embolisms,5 and accelerating healing of diabetic wounds.6,7 A
side effect of this treatment was the development of nuclear
cataract or increased nuclear light scattering.8 As a result of this
finding, HBO has been used to induce cataract in animals (in
vitro and in vivo) to enable the mechanisms of ARN cataract to
be studied. In vivo studies of HBO-induced cataracts in older
guinea pigs (17–18 months) revealed biochemical changes in
the lens nucleus consistent with an increased state of oxidative
stress in these animals.9 These changes included markedly
higher levels of oxidized protein thiols and mixed disulfides,9 a
depletion of GSH in the lens nucleus (~30%) that was not
apparent in the cortex,9 a decrease in water-soluble proteins,9
and increased products of lipid oxidation.10 Large disulfide
cross-linked protein aggregates containing alphaA-, beta-,
gamma-, and zeta-crystallins also were detected in the lens
nucleus,11 and these protein aggregates were of similar size to
those found in human nuclear cataracts.12 Lenses from these
HBO-treated animals were hazy in appearance and showed
increased nuclear light scattering, but did not exhibit the dense
nuclear opacity associated with ARN cataract in humans.9
Similar biochemical changes, such as GSH depletion in the lens
nucleus13 and increased mixed disulfide formation,14,15 also
were induced in vitro by the acute exposure of organ-cultured
rabbit lenses to HBO. Thus, it appears that both in vivo and in
vitro exposure of lenses to HBO can mimic biochemical
changes that precede ARN cataract formation in humans.
In this study, we wanted to develop an in vitro HBO model
of nuclear cataract that used bovine lenses, and then test
whether this specific animal model replicates the biochemical
and optical changes that precede cataract formation in the
human lens. We selected bovine lenses rather than the
commonly used rabbit lenses for our study, as not only are
these lenses readily obtained from local abattoirs, but the larger
size of the bovine lens provides sufficient quantities of tissue
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for biochemical and Western blot analysis. Furthermore, the
larger size of the bovine was compatible with magnetic
resonance imaging (MRI) analysis in which protocols for
imaging bovine lenses had already been established in our
laboratory.16 In previous work, Vaghefi et al.17 developed MRI
methodologies to visualize the lens circulation system in
normal bovine lenses and demonstrated that the circulation
system is responsible for actively removing water from the lens
center. Subsequently, they showed that active removal of water
maintains a low-water/high-protein ratio in the lens core16 that
in turn establishes a gradient of refractive index (GRIN), which
is essential for maintaining good vision.18 Using these
established MRI parameters, we are able to extend our
biochemical analysis of HBO-treated bovine lenses to investi-
gate correlations of the effects of HBO on optical properties of
the lens and determine the validity of the HBO system as a
model of nuclear cataract.
MATERIALS AND METHODS
Animals
Young fresh whole cow eyes (18–24 months) were collected
from the local abattoir (Auckland Meat Processors, Otahuhu,
New Zealand). Lenses were dissected from the eye and any
remnants of the iris and vitreous humor removed by rolling on
filter paper.
Hyperbaric Gas Treatment
Lenses undergoing hyperbaric nitrogen (HBN) or HBO
treatment were placed anterior side up in 250- mL containers
containing 25 mL Medium 199 (M199 with HEPES buffer, L-
glutamine, and phenol red) supplemented with 1% antibiotics
(penicillin, streptomycin, and neomycin) prewarmed to 378C.
Before culture, the containers were covered in a layer of
parafilm and punctured to create 8 to 10 small holes. Lenses
were then exposed to either 100% nitrogen (HBN; pressure
control group) or 100% oxygen (HBO) at a pressure of 100
atm for 5 hours or 15 hours (1850-mL Cell Disruption Vessel,
model 4636; Parr Instrument Company, Moline, IL, USA),
based on experimental conditions described by Cappiello and
colleagues.14 The interior chamber of the vessel was
maintained at 378C by partial immersion of the instrument
into a temperature-controlled water bath. Following treat-
ment, complete depressurization was conducted over a 30-
minute period to avoid the possible dangers of freezing that
can occur during rapid decompression. Lenses were then
removed from their containers and imaged using a stereomi-
croscope (Stemi SV11; Carl Zeiss, Thornwood, NY, USA) to
assess lens transparency. For biochemical analyses, 5-hour
HBN/HBO, 15-hour HBN/HBO-treated lenses or lenses freshly
dissected from the cow (untreated) were flash-frozen in liquid
nitrogen and then stored at808C until ready for further use.
For MRI analyses, 5-hour HBN/HBO, 15-hour HBN/HBO-
treated lenses or lenses cultured in artificial aqueous humor
solution (AAH-NaCl, 125 mM; KC1 4.5 mM; MgCl2 0.5 mM;
CaCl2 2 mM; NaHCO3 10 mM; glucose 5 mM; sucrose 20 mM;
buffered with 10 mM HEPES to pH 7.1) for 5 hours or 15
hours were placed in sample holders with their anterior
surfaces facing up. Lenses were then subjected to T2 mapping
MRI according to previously established protocols.16 Each
MRI data set took approximately 45 minutes to collect. Maps
of refractive index were generated (see the section ‘‘T2-
Weighted Imaging of Bovine Lenses’’) and analyzed by optical
modeling (see the section ‘‘Optical Modeling’’) using estab-
lished parameters optimized in our laboratory.16
Lens Tissue Preparation for Biochemical Analyses
Decapsulated bovine lenses were dissected into the outer
cortex, the inner cortex, and the core regions following
immediate removal from the eye (untreated) or following 5-
hour HBN/HBO or 15-hour HBN/HBO treatment. Currently
there is no empirical data distinction among these three
regions and the five different zones of the bovine lens
described by al-Ghoul and Costello.19 Therefore, lenses were
dissected with sharpened tweezers into the three distinct
zones based on their physical properties. The superficial layers
of fiber cells composed of cortical-differentiating fiber cells
were peeled away and pooled as the outer cortex fraction
(~40% total lens mass). The remaining inner cortical fiber cells
encompassing cells in the adult nucleus were removed and
pooled as the inner cortex fraction (~30% total lens mass). The
remaining hard mass of tissue, which included the juvenile,
fetal, and embryonic nucleus, was retained as the core fraction
(~25%–30% of total lens mass). For biochemical assays (GSH/
oxidized glutathione [GSSG] and malondialdehyde [MDA]
analysis), each fraction was then homogenized in 1.75 mL
EDTA (50 mM) using an electrical drill with fitted head pieces
and then centrifuged at 13,200g for 20 minutes at 48C. The
supernatant was then collected and used for GSH/GSSG or
MDA determination. For Western blot analysis, each fraction
was homogenized in 5 mM Tris-HCl, 5 mM EDTA, and 5 mM
EGTA (pH 8.0) using an electric drill, and then centrifuged at
13,200g for 20 minutes at 48C. The supernatant was collected
and retained as the water-soluble (WS) fraction at 808C. The
pellet was then washed three times in storage solution (5 mM
Tris-HCl, 2 mM EDTA, 2 mM EGTA, 100 mM NaCl) with
centrifugation. The washed pellet was then mixed with 7 M
urea and centrifuged at 13,200g for 20 minutes at 48C. The
supernatant was collected and retained as the urea-soluble (US)
fraction at 808C. The concentration of proteins was deter-
mined with a Pierce 660-nm protein assay kit (ThermoScien-
tific, Rockford, IL, USA).
Glutathione/GSSG Determination
Glutathione is the principal antioxidant in the lens and is
considered to be one of the most important scavengers of
reactive oxygen species.20 The measurement of GSH and GSSG
within cells is often used as a marker of oxidative stress with
depletion of reduced GSH and a concomitant increase in GSSG
considered initiating factors in the pathogenesis of cataract
development. Reduced (GSH), oxidized (GSSG), and total GSH
(GSHþGSSG) were measured by a GSH assay adapted from the
Glutathione (GSH/GSSG/Total) Fluorometric Assay kit (Biovi-
sion, Milpitas, CA, USA). This assay uses the nonfluorescent
probe ophthalaldehyde (OPA) to react with thiol groups, such
as contained in GSH, to form a highly fluorescent isoindole
derivative. All samples and standards were carefully handled on
ice throughout all the steps so as to avoid autoxidation of the
reduced thiols. Sixty microliters of collected supernatant was
mixed in 20 lL 19.5% wt/vol trichloroacetic acid (TCA),
vortexed, and centrifuged at 13,200g for 4 minutes at 48C. The
resultant supernatant (40 lL) was then mixed with 20 lL ice-
cold 3 N potassium hydroxide to precipitate the TCA and
neutralize the samples; 10 lL of samples were added to
individual wells on a black 96-well clear-bottom fluorescence
plate, containing 80 lL buffer solution (0.1 M NaHCO3, 46.5
mM PBS, 0.17 M NaOH [pH 13.5]). In parallel, the total GSH in
each sample and standard was measured by additional
incubation with 10 lL 0.02 M Tris (2-carboxyethyl) phosphine
(TCEP), a reducing agent that reduces GSSG to GSH, for 10
minutes at room temperature. All samples were then fluo-
rescently derivatized with 10 lL 1% wt/vol OPA in methanol.
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The plate was incubated in the dark for 40 minutes at room
temperature and fluorescence measured at optimal wave-
lengths (excitation 340 nm and emission 420 nm) for OPA-thiol
adducts using a microplate reader (SpectraMax M2; Molecular
Devices, Sunnyvale, CA, USA). Total GSH and GSH concentra-
tions were determined using GSH and GSSG standard curves as
per the manufacturer’s instructions. Glutathione disulfide
concentrations were calculated based on the difference
between total GSH and reduced GSH values.
Malondialdehyde Assay
Malondialdehyde is one of the most prevalent by-products of
lipid peroxidation and a common marker of oxidative stress.21
Malondialdehyde levels in the lens were measured by
determining the thiobarbituric acid reactive substance con-
centrations from the collected supernatants. Briefly, to 0.1 mL
of the supernatant or standard, 0.1 mL 8.1% SDS lysis solution
was added, the sample vortexed, and incubated for 5 minutes
at room temperature. Next, 0.25 mL thiobarbituric acid (TBA)
reagent (0.52% TBA in 20% acetic acid, pH 3.5) was added,
vortexed, and then incubated in a 958C water bath for 45
minutes. After cooling, the samples were centrifuged at
10,000g for 15 minutes; 0.3 mL of the supernatant was then
removed and placed in an equal volume of N-butanol, vortexed
for 60 seconds and then centrifuged for 5 minutes at 10,000g.
Then, 150 lL of the organic fraction (top layer) was transferred
to a transparent 96-well plate and fluorescence was measured
with excitation at 540 nm and emission at 590 nm.
Malondialdehyde concentrations were calculated by using
MDA as a standard.
Immunohistochemistry
To examine lens morphology, bovine lenses were fixed either
immediately after dissection from the eye (untreated) or
following HBN or HBO treatment in 10% paraformaldehyde
for 7 days at room temperature. Following fixation, lenses were
washed in PBS and cryoprotected by incubation in 10%
sucrose-PBS for 1 hour, 20% sucrose-PBS for 1 hour, and then
30% sucrose-PBS overnight at 48C. For sectioning, lenses were
mounted in an equatorial orientation on prechilled chucks and
encased in Tissue-Tek optimum cutting temperature com-
pound. Lenses were cryosectioned into 14-lm-thick sections
and transferred onto superfrost-coated microscope slides
(Superfrost Plus; ESCO, Electron Microscopy Sciences, Fort
Washington, PA, USA). Sections were washed three times in
PBS and then cell membranes labeled with a fluorescein-
conjugated wheat germ agglutinin (WGA-TRITC). After exten-
sive washing in PBS, sections were mounted in antifading
reagent (Citifluor; AFI, Canterbury, UK) and viewed with a
confocal laser scanning microscope (FV-1000; Leica, Heidel-
berg, Germany). Images were pseudo-colored using Adobe
Photoshop software (Adobe Systems, Inc., San Jose, CA, USA).
Sodium Dodecyl Sulfate–Gel Electrophoresis and
Western Blot Analysis
Fifteen micrograms of protein was incubated in loading dye
without b-mercaptoethanol and separated on a 10% SDS-PAGE
gel. To visualize the appearance of high-molecular-weight
(HMW) proteins, gels were stained in Coomassie Brilliant Blue
R250 dye for 30 minutes at room temperature with rocking,
and then destained overnight in a 50/50/10 vol/vol/vol mix of
water, methanol, and acetic acid. To detect glutathione mixed
protein disulfides (PSSG), following gel electrophoresis,
protein bands were transferred to a polyvinvlyidene difluoride
membrane by electrophoresis for 40 minutes at 170 mA. The
membrane was incubated with blocking solution (5% milk in 1
3 Tris-buffered saline [TBS; 2 mM Tris-HCl, 140 mM NaCl, pH
7.6]) at room temperature for 1 hour. The protein blots were
incubated overnight with PSSG antibodies (1:1000) or b-actin
antibodies (1:10,000) to confirm equal loading, followed by
incubation with anti-mouse or anti-rabbit horseradish peroxi-
dase secondary antibody (1:10,000; Amersham, GE Healthcare,
Waukesha, WI, USA) for 1 hour each. After incubation, the
membrane was washed three times for 10 minutes in 1 3 TBS.
Labeled protein was visualized by chemiluminescence detec-
tion (ECL Prime; Amersham) and bands visualized using a
FujiFilm LAS-4000 Scanner (Fujifilm Life Science, Stamford,
CT). Image J analysis was used to quantify pixel intensity of the
PSSG bands.
T2-Weighted Imaging of Bovine Lenses
Because the refractive index of the lens (GRIN) is directly
related to its water content and protein concentration,16 we
measured the water-to-protein ratio from a T2 constant
calculation by MRI. Briefly, a Varian Unity Inova 4.7-T
horizontal bore MRI system (Varian, Inc., Palo Alto, CA, USA),
equipped with a 65-mm internal diameter (ID) and a 100 G/cm
gradient system was used. Untreated lenses (bovine lenses
cultured for 5 or 15 hours in M199) or HBN- or HBO-treated
lenses were imaged using a 40-mm ID RF probe and a spin-echo
pulse sequence as follows: repetition time ¼ 2 seconds, echo
time (TE)¼6.7 ms, inversion time¼200 ms, slice thickness¼1
mm, field of view¼ 24 3 24 mm, matrix size¼ 256 3 256, in-
plane resolution ¼ 93 lm. The geometric parameters of the
lens (front and back radii of curvature), and conic constants,
axial length, and equatorial radius, were extracted from the
MRI T2-weighted images using the common filtering and
masking methods (MATLAB Image Processing Toolbox; The
MathWorks, Inc., Natick, MA, USA). By performing the spin-
echo sequence using a train of TE values (7.5, 8, 10, 12, 15, 18,
22, 30, 40, and 45 ms), we were able to create a dataset of 10
T2-weighted signal points for each pixel within the image.
Next, the T2 constants were extracted from the T2-weighted
image series, and by repeating the process for all pixels within
an image, a two-dimensional map of T2 values for each lens and
experimental condition could be constructed. Because T2
constants are inversely proportional to refractive index (n
~1/T2),22,23 a GRIN profile of each lens was created by using
the equation:
n ¼ 5:5778 3ð1=T2Þ2 þ 1:1284 3ð1=T2Þ þ 1:3784
where n is the unitless refractive index and the T2 values are in
milliseconds. Geometrical and T2 constant measurements
were performed on six lenses (n¼ 6) from each experimental
group so as to ensure the statistical significance of the
results.16
Optical Modeling
The commercial optical modeling software package ZEMAX
(Development Corp., San Diego, CA, USA), which uses Snell’s
law24 to simulate light ray propagation through optical devices,
was first used to assess the optical properties of lenses
cultured under different conditions and then to simulate what
effect the changes in lens properties had on the overall vision
quality using protocols established in an earlier study.16 Briefly,
the average geometric parameters (front and back radii of
curvature, conic constants, axial length, and equatorial radius)
and the GRIN obtained by T2 imaging of untreated bovine
lenses, or lenses cultured in either HBN or HBO for 5 hours and
15 hours were used by ZEMAX to calculate the optical power
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(diopters) of lenses in the different experimental conditions.
To simulate how HBO-induced changes to the optical
properties of the lens affects overall vision quality, a ZEMAX
model of the bovine eye developed by Vaghefi et al.16 was
solved using the average optical properties calculated for
lenses incubated for 15 hours in either HBN or HBO. The
model used a fixed pupil diameter of 2 mm and a
polychromatic (wavelengths ¼ 486, 587, and 656 nm) light
source.25 For each experimental condition, the model was
solved for two different focal lengths: an optimum focal length
of the optical pathway formed by the eye that results in the
formation of the sharpest final image, or with the focal length
set to the vitreous chamber thickness (VT), to assess the quality
of image formation on the retina.
Statistical Analysis
Statistical analysis was performed using either MATLAB (The
MathWorks, Inc.) or GraphPad Prism, version 6.05 (GraphPad
Software, Inc., San Diego, CA, USA). For analysis of the data
obtained from the GSH and MDA assay, 2-way ANOVA was
used. For analysis of PSSG pixel density, the Mann-Whitney test
was used. In all analyses, a P value less than 0.05 was deemed
to be statistically significant. All error bars are presented as the
mean 6 SEM, with statistical significance displayed as *P <
0.05, **P < 0.01, ***P < 0.001.
RESULTS
Effects of HBO on Lens Transparency and Fiber
Cell Morphology
Transparency. Lenses treated with HBN or HBO for 5
hours or 15 hours were clear and transparent with no
distortion of the underlying grid (Fig. 1), similar to that seen
for untreated lenses (data not shown). The absence of a dense
nuclear cataract following HBO exposure is similar to the
findings by Giblin and colleagues,9,13 who have shown that
nuclear cataracts do not develop in either the in vivo guinea
pig lens or in vitro rabbit lens HBO models.
Morphology. Lens morphology was examined on untreat-
ed lenses and compared with lenses following hyperbaric
treatment (Fig. 2). The morphology of the cells in the outer
cortex (OC), adult nucleus (AN), juvenile nucleus (JN), fetal
nucleus (FN), and embryonic nucleus (EN) revealed no
obvious changes in lens morphology as a result of exposure
to HBN or HBO (Fig. 2). This is consistent with findings
between normal and human nuclear cataractous lenses in
which the morphology of the nuclear regions was indistin-
guishable.26,27
Effects of HBO on Lens Antioxidant Levels and
Protein Biochemistry
Glutathione Levels. Because GSH is known to be the first
defense system against oxidative stress, we measured the levels
of reduced GSH in the OC, inner cortex (IC), and core regions
of untreated lenses and lenses treated for 5 hours or 15 hours
in HBN or HBO (Fig. 3A). In the OC, GSH levels in the
untreated and 5-hour HBN lenses (Fig. 3A) were similar,
indicating that high pressure did not affect GSH levels. As a
result of 5-hour HBO exposure, the levels of GSH were
significantly depleted (2.6-fold; P < 0.0001) compared with
GSH levels from 5-hour HBN lenses. Extending the HBN
exposure time to 15 hours results in a slight decrease in GSH
levels relative to 5-hour HBN lenses; however, in the presence
of HBO, the levels of GSH are significantly reduced (3.5-fold; P
< 0.0001) relative to 15-hour HBN lenses. Moreover, GSH
levels in 15-hour HBO lenses are more depleted relative to 5-
hour HBO lenses (1.7-fold, P < 0.01), indicating that increased
exposure time to HBO produced a further reduction in GSH
levels.
In the IC, GSH levels between untreated and 5-hour HBN
lenses were similar but the concentration of GSH was reduced
to almost half that measured in the OC (Fig. 3A). This is
consistent with the natural gradient for GSH with levels higher
in the OC relative to the IC.20 As a result of 5-hour HBO
treatment, GSH levels were significantly reduced (3.5-fold; P <
0.0001) relative to 5-hour HBN lenses. In 15-hour HBN lenses,
GSH levels were slightly decreased relative to 5-hour HBN
lenses; however, in 15-hour HBO lenses, the levels of GSH were
notably reduced (3.6-fold, P < 0.01) relative to 15-hour HBN
lenses. In addition, GSH levels were significantly depleted in
15-hour HBO lenses compared with 5-hour HBO lenses (1.5-
fold; P < 0.01).
Finally, in the core, GSH levels were lowest in both
untreated and 5-hour HBN lenses compared with the other
regions. There was a significant decrease in GSH levels in 5-
hour HBO lenses compared with 5-hour HBN lenses (3.5-fold; P
< 0.0001) and a further depletion of GSH in 15-hour HBO
lenses compared with 15-hour HBN lenses (6.1-fold; P <
0.0001). The decrease in GSH was greatest in the core relative
to the OC and IC regions. Because depletion of GSH in the core
relative to the cortex is a key feature in the formation of ARN
cataracts, it appears that by exposure of bovine lenses to HBO
for 15 hours, we are able to initiate one of the key processes
involved in cataractogenesis in humans.
High levels of GSH are maintained by an active GSH redox
system in which oxidized GSH (GSSG) is rapidly reduced to
GSH by GSH reductase. As a result of oxidative stress, the
ability of GSH reductase to regenerate GSH becomes less
efficient and as a result, GSSG accumulation is often
observed.28 To determine if this was the case with exposure
of lenses to HBO, we measured GSSG concentrations in the
different regions of untreated and hyperbaric gas–treated
lenses (Fig. 3B). In the OC, GSSG concentrations in untreated
lenses and 5-hour HBN lenses were very similar and slightly
higher than levels measured in the IC and core regions.
In 5-hour HBO lenses, the GSSG concentrations were
similar to 5-hour HBN lenses. Extending the HBO exposure
FIGURE 1. Effect of HBN and HBO on the transparency of organ-
cultured bovine lenses. Bright field images revealed no signs of
cataracts or grid irregularities between the two groups. Scale bar: 4
mm.
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time to 15 hours resulted in a depletion of GSSG levels relative
to 15-hour HBN and 5-hour HBO lenses, although this
depletion was only significant when compared with 5-hour
HBO lenses (2.6-fold; P < 0.05). In the IC, GSSG levels were
similar between fresh and 5- hour HBN lenses; however, GSSG
levels were significantly reduced following 5-hour HBO
treatment compared with 5-hour HBN treatment (3.2-fold, P
< 0.01). A similar depletion was also evident in 15-hour HBO
lenses relative to 15-hour HBN lenses (2.4-fold; P < 0.01). In
the core, GSSG levels were low, with significant reductions
evident between 5-hour HBN and 5-hour HBO lenses (2.4-fold,
P < 0.01) and 15-hour HBN and 15-hour HBO lenses (21-fold; P
< 0.01).
Lipid Peroxidation (MDA). Because lipid peroxidation is
a well-established marker of oxidative stress, we next
measured levels of a major by-product of lipid peroxidation,
MDA, in the different regions of untreated and hyperbaric-
treated lenses (Fig. 4). In the OC, untreated and 5-hour HBN
lenses exhibited relatively low levels of MDA; however, after 5
hours of HBO exposure, MDA levels were significantly
increased relative to 5-hour HBN lenses (2.3-fold, P <
0.0001). In 15-hour HBN lenses, the levels of MDA were
slightly decreased relative to the fresh and 5-hour HBN
controls. However, in 15-hour HBO lenses, the MDA levels in
this group were significantly increased relative to 15-hour
HBN lenses (3.9-fold, P < 0.0001). Interestingly, despite the
longer exposure to oxygen, the levels of MDA in 15-hour HBO
lenses were not significantly increased compared with the
MDA levels in 5-hour HBO lenses.
A similar trend was evident in the IC and core. Malondial-
dehyde levels were significantly increased as a result of 5-hour
HBO exposure in the IC (8.2-fold, P < 0.0001) and core (2.7-
fold, P < 0.0001) compared with 5-hour HBN controls.
Furthermore, increased exposure of HBO from 5 to 15 hours
did not result in a further increase in MDA levels in the IC or
core. However, the MDA levels were highest in the core
relative to the OC and IC regions and were approximately 2.6-
fold greater than the MDA levels in the core of nitrogen
controls. Taken together, it appears that exposure of lenses to
oxygen results in increased MDA levels relative to controls,
with MDA concentrations highest in the core regions following
HBO treatment. This indicates that the lens core is particularly
susceptible to oxidative damage.
Collectively, these findings demonstrate that exposure to
HBO for 15 hours results in depleted GSH levels and increased
MDA levels, particularly in the lens core, which is consistent
with early biochemical changes that are known to precede
human nuclear cataract formation.
Mixed Disulfide Formation. The depletion of GSSG
levels led us to investigate whether GSSG was involved in PSSG
FIGURE 2. Effect of HBN and HBO exposure on fiber cell morphology in bovine lenses. Montage of extended confocal images from an equatorial
cryosection from an untreated bovine lens labeled with the membrane marker WGA (red) extending from the capsule to the EN (core) region. The
boxes indicate the areas from which high-magnification images were taken. Scale bar: 200 lm. The high-magnification images displayed are
representative images captured from the OC, AN, JN, FN, and EN of untreated lenses (analyzed immediately after dissection), 5-hour HBN, 5-hour
HBO, 15-hour HBN, or 15-hour HBO lenses. Scale bar: 20 lm.
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(protein mixed disulfide) formation under HBO conditions.
Although PSSGs are present in normal clear lenses,29 it has
been reported that there is a profound increase in PSSG
formation with advancing age, on exposure to prolonged
oxidative stress,29,30 and in human ARN cataract.31 To
investigate this, Western blot analysis was performed using a
specific anti-GSH antibody to examine the levels of total PSSG
in samples prepared from the WS and US fractions of lenses
treated for 5 hours or 15 hours in the presence of either HBN
or HBO. The US samples showed more PSSG staining at higher
molecular weights compared with the WS samples. For this
reason, only the US protein fraction is reported.
With 5-hour HBN treatment, a number of PSSG bands were
detected in the OC and IC at 37, 50, 58, and approximately 250
kDa (Fig. 5A, left panel) with no PSSG bands detected in the
core (Fig. 5A, left panel). With 5-hour HBO treatment,
additional bands at 15, 60 to 70, 90, and 100 to 150 kDa
(highlighted by the arrows) in the OC and IC regions were
detected (Fig. 5A, right panel), and a significant increase in the
intensity of the total levels of PSSG (Fig. 5C) in the OC and IC
was measured as a result of HBO exposure. Exposure to 15-
hour HBN showed a similar pattern to that of the 5-hour HBN-
treated lenses, except that bands became apparent in the core
(Fig. 5B, left panel). These bands were also evident after 15-
FIGURE 3. Effect of HBO treatment on GSH/GSSG levels in the different regions of the bovine lens. Untreated lenses (analyzed immediately after
dissection), 5-hour HBN, 5-hour HBO, 15-hour HBN, or 15-hour HBO–treated lenses were dissected into the OC, IC, and core. (A) Glutathione or (B)
GSSG levels were measured and results expressed as mean 6 SEM with n¼ 5 lenses per group. For GSH: *P < 0.05, **P < 0.01, ***P < 0.0001. For
GSSG: *P < 0.05, **P < 0.01.
FIGURE 4. Effect of HBO on the levels of the lipid peroxidation marker MDA in different regions of the bovine lens. Untreated lenses (analyzed
immediately after dissection), 5-hour HBN, 5-hour HBO, 15-hour HBN, or 15-hour HBO–treated lenses were dissected into the OC, IC, and core.
Malondialdehyde levels were measured and results expressed as mean 6 SEM with n ¼ 5 lenses per group.***P < 0.0001.
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hour HBO exposure (Fig. 5B, right panel). With 15-hour HBO
treatment, additional bands (highlighted by the arrows)
appeared at 15, 60 to 70, 90, and 150 kDa in the OC and IC
(Fig. 5B, right panel) that were not present at 15-hour HBN
treatment (Fig. 5B, left panel). In addition, the intensity of total
PSSG bands was enhanced in these regions as a result of HBO
treatment compared with HBN treatment (Fig. 5D). Finally, we
compared the total density of PSSG bands between 5-hour and
15-hour HBO lenses (Fig. 5E). We found no significant increase
in PSSG density as a result of longer exposure times to HBO in
the OC, IC, and core regions.
Overall, it appears that as a result of HBO treatment, there is
an increase in PSSG formation in the cortex, but not the core of
5-hour HBO–treated lenses (relative to 5-hour HBN lenses).
Increasing the time of exposure of HBO treatment led to the
appearance of PSSG bands in the core, but these bands were
also evident in the 15-hour HBN group. Finally, extending HBO
treatment from 5 to 15 hours did not appear to result in a
further increase in the number or intensity of PSSG bands in
the cortex.
Protein Aggregation. If glutathionylated proteins are not
reduced, oxidative stress will lead to conformational protein
changes that induce PSSP formation and HMW aggregate
complexes. To investigate this, samples of WS and US protein
fractions from lenses treated for 5 hours or 15 hours in HBN or
HBO were used for SDS-PAGE analysis to visualize the presence
of HMW bands at the top of the separating gel following
staining with Coomassie Blue (Fig. 6). In the WS samples (Fig.
6A), a higher oligomer band (see arrow) was observed in the
core of the 5-hour HBO lenses; however, this band was also
evident in the HBN group (see arrow). A similar finding was
also apparent in the WS samples of 15-hour HBN and HBO
lenses (see arrows). Interestingly, an approximately 55 kDa
broad band was seen in the IC of 15-hour HBO–treated lenses
that disappeared under reducing conditions (data not shown),
indicating possible disulfide crosslinking of a crystallin. In the
US samples (Fig. 6B) from 5-hour HBO lenses, a higher
molecular-weight band (see arrow) was detected in the OC,
which was also present in 5-hour HBN lenses (see arrow). The
same sized band was also evident in the US samples of the 15-
hour treatment groups (see arrows). Overall, these findings
indicate that the treatment of lenses with high-pressure oxygen
for up to 15 hours does not result in the formation of HMW
aggregates.
Collectively, these results show that depletion of GSSG may
be a consequence of increased PSSG formation, although we
cannot rule out the possibility of GSSG leakage from the lens.32
However, increased PSSG formation was detected only in the
cortical regions and not the core. Furthermore, we were not
able to detect HMW aggregates, indicating that our model was
FIGURE 5. Effects of HBO on PSSG formation. Urea-soluble fractions from the OC, IC, and core regions of (A) 5-hour HBN or HBO-treated lenses or
(B), 15-hour HBN or HBO-treated lenses were analyzed by Western blot for the level of glutathionylated proteins using an anti-GSH antibody. (A, B)
Representative immunoblots are shown, with arrows representing additional bands that are detected as a result of HBO treatment but not HBN
treatment. (C, D) Pixel density of all PSSGs (between 15 and 250 kDa) as a result of exposure to HBO at 5 hours or 15 hours, and in comparison with
the value of the 5-hour HBN–treated lenses (C) or 15-hour HBN–treated lenses (D), each normalized to 1. (E) Pixel density of all PSSGs as a result of
15-hour HBO exposure, and in comparison with the value of the 5-hour HBO–treated lenses (normalized to 1); 15 lg protein was loaded per lane,
and equal loading was confirmed by probing with a b-actin antibody (data not shown). The data are expressed as mean 6 SD with n¼6 lenses, *P <
0.05, ***P < 0.001.
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able to initiate some, but not all of the early biochemical
changes known to precede human nuclear cataract.
Effects of HBO Exposure on Optical Properties of
the Lens
Having established that some changes of the biomarkers of
ARN cataract are apparent at the biochemical level as a result
of HBO treatment, we next wanted to determine whether
these changes altered the key parameters of lens geometry and
refractive index that determine the optical properties of the
lens, and how these changes affect overall vision quality.
Lens Geometry. To measure the effects of HBO exposure
on overall lens geometry, we used high-resolution T2-weighted
image datasets (Fig. 7A), and extracted measurements of key
parameters that determine lens geometry, namely, axial
thicknesses (Ta-p), equatorial radius (Re), and the radii and
conic factors of the anterior (Ra, Qa) and posterior (Rp, Qp)
surfaces (Fig. 7B), from untreated lenses and HBN- and HBO-
treated lenses organ cultured for either 5 hours or 15 hours.
There were no significant differences between any of the
measured parameters of the untreated and HBN and HBO
lenses cultured for 5 hours; however, there was a difference in
the axial thickness and anterior and posterior radii parameters
of HBO lenses cultured for 15 hours relative to the untreated
HBN lenses. Although not statistically significant, the decrease
in axial thickness and larger radii of curvature indicate that 15-
hour HBO–treated lenses may be thinner and flatter relative to
the other lenses. To visualize changes in lens geometry, the
extracted parameters for each condition were then averaged
and used to reconstruct the shape of the lens (Fig. 7C). Again,
no significant changes were evident in the 15-hour HBO lenses
relative to 15-hour HBN lenses; however, there appeared to be
a trend toward thinning and flattening of HBO-treated lenses.
Refractive Index. T2 constant maps that provide a
measure of the water-to-protein ratio, from which the GRIN
can be calculated,16 were obtained for bovine lenses organ
cultured in AAH for 5 hours or 15 hours (untreated lenses), 5-
hour HBN/HBO lenses, or 15-hour HBN/HBO lenses (Fig. 8A).
It can be seen that for 5-hour HBN– or HBO–treated lenses,
there were no significant differences between these T2
constant maps (Fig. 8A, left panel). However at 15 hours, the
HBO-treated lenses showed a different T2 constant pattern
compared with the 15-hour HBN group (Fig. 8A, right panel).
Equatorial plots of these T2 constant maps were extracted and
plotted against relative distance into the lens (r/a), where 0
represent the lens core and 1 represents the lens periphery
(Fig. 8B). Here it was apparent that there was no significant
difference among the three treatment groups at 5 hours (Fig.
8B, left panel. However, a significant increase of T2 values was
observed in the core of HBO-treated lenses at 15 hours relative
to both the untreated (15-hour cultured) and HBN-treated
lenses (Fig. 8B, right panel). Because T2 constants are inversely
proportional to refractive index, GRIN profiles were calculated
from the estimated T2 maps (Fig. 8C). Here it can be seen that
there were no changes in the GRIN profile between the HBN-
and HBO-treated lenses after 5 hours (Fig. 8C, left panel), but
there was a significant decrease in the refractive index of the
core of lenses exposed to HBO for 15 hours (Fig. 8C, right
panel). Equatorial profiles of these GRIN maps were extracted
and superimposed (Fig. 8D), with no noticeable change of
GRIN evident at 5 hours between treatment groups (Fig. 8D,
left panel), and with GRIN profiles similar to that reported
previously for bovine lenses.33 However, the refractive index of
lenses exposed to HBO for 15 hours was lower in the core
when compared with the untreated and HBN-treated lenses
(Fig. 8D, right panel). Taken together, it appears that HBO
treatment of lenses for 15 hours produces a change in the
water/protein ratio and therefore the GRIN, which when
combined with the trend toward lens thinning (Fig. 7) would
suggest that the optical properties of lenses exposed to HBO
for 15 hours may be altered.
Modeling Lens Optical Power and Vision Quality. The
geometrical parameters (Fig. 7) and GRIN profiles (Fig. 8)
extracted from untreated (5-hour/15-hour cultured), 5-hour
HBN/HBO lenses, and 15-hour HBN/HBO lenses were imple-
mented in ZEMAX to calculate the lens optical power (Fig. 9A).
Consistent with our findings of a trend toward a thinner lens
(Fig. 7B) and significantly decreased GRIN profile in the core
(Fig. 8D) of lenses exposed to 15 hours of HBO, a significant
reduction of optical power was apparent only in the 15-hour
HBO treatment group (Fig. 9A). To assess how changes in the
GRIN and geometry induced by culturing lenses in HBO for 15
hours specifically affects overall vision quality, we used an
anatomically accurate ZEMAX model of the bovine eye created
in an earlier study.16 Model simulations were initially per-
formed to calculate the optimal focal length of the model eye.
In these simulations, the vitreous chamber length (VT ¼ 12.8
mm) was allowed to vary between the different conditions to
determine the focal length of the model eye that provides the
optimal focus. Using this approach, it is apparent that
untreated and HBN-treated lenses cultured for up to 15 hours
and HBO-treated lenses cultured for 5 hours have optimal focal
lengths that are not significantly different from the vitreous
chamber length (12.8 mm) measured in the bovine eye (Fig.
9B). However, 15-hour HBO lenses exhibited a significant
increase in the optimal focal length that would result in images
being focused behind the retina, indicating that exposure to
FIGURE 6. Effects of HBO on HMW protein aggregate formation.
Approximately 15 lg of nonreduced WS (A) or US proteins (B) were
electrophoresed and then stained with Coomassie Blue to identify
HMW protein aggregates. Arrowheads indicate the presence of HMW
protein aggregates (molecular weight >250 kDa) that were apparent in
the WS and US fractions of HBN- and HBO-treated lenses.
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HBO is causing a hyperopic shift. In addition to measurements
of optical power, the ZEMAX software also quantifies the Seidel
aberrations (coma, astigmatism, distortion, field curvature,
longitudinal chromatic, and transverse chromatic) that are
associated with the passage of light through an optical system.
We found no significant changes in estimated Seidel aberration
levels in the lenses of each of the different groups, including
the 15-hour HBO–treated lenses (data not shown), which is
consistent with the clarity of these lenses observed in Figure 1.
Finally, to visually assess what effects the changes in lens
optical power have on overall image quality of the bovine eye,
we used the Image Simulation capability of ZEMAX to
determine the ability of the model eye to reproduce an input
image (Fig. 9C). This analysis was performed using either the
calculated optimal focal length (17.5 mm) for the model eye, or
a fixed focal length given by the vitreous chamber depth (12.8
mm), which more closely represents the situation in the in vivo
bovine eye. Analysis performed using the calculated optimal
focal length showed that image quality is unaffected for the
different lens groups (Fig. 9C, left column). However, the same
analysis performed using the vitreous chamber depth as a
‘‘fixed’’ focal length for each group revealed a blurring of the
image for lenses exposed to HBO for 15 hours (Fig. 9C, right
column), consistent with the observed hyperopic shift in this
treatment group (Fig. 9B). Overall, this confirms that the
nature of the 15-hour HBO–induced optical deficiency was a
hyperopic shift.
In summary, these MRI studies show that longer exposure
of lenses to HBO results in changes to the optical properties of
the lens that would compromise vision quality produced by
the bovine eye.
DISCUSSION
This study was designed to assess the morphologic, biochem-
ical, and optical changes brought about by exposure of bovine
lenses to HBO and to determine whether this would be a
suitable in vitro model for mimicking nuclear cataract
formation in humans. From our analysis, it appears that with
short (5-hour) or long (15-hour) HBO treatment, biochemical
changes were induced that were consistent with the early
changes that precede nuclear cataract formation. These
changes, most notably in the core region of the lens, include
depletion of GSH and an increase in the oxidative stress marker
MDA. We also found that GSSG levels were depleted in all
regions of the lens. We should point out that in the untreated
and nitrogen control lenses, GSH levels were lower and GSSG
levels higher than previously reported,14,34 suggesting that
there may have been some artifactual oxidation of GSH during
the assay process. However, given that all of our samples were
processed in the same way, we feel that GSH and GSSG levels
are comparable among the three groups. The depletion of
GSSG following HBO treatment coincides with an increase in
PSSG formation in the cortical regions of the lens, but not the
core. There was also a lack of HMW aggregates, consistent with
the transparent appearance of these lenses, even after long
periods of exposure to HBO. Although biochemical changes,
such as GSH depletion, were evident following 5-hour HBO
treatment, optical changes were detectable only after exposure
FIGURE 7. Effects of HBO exposure on lens geometry. (A) Representative high-resolution T2-weighted image of the bovine lens captured with MRI
showing the anterior pole (AP), posterior pole (PP), equator (EQ), front (Ra), and back (Rp) radii of curvature, the equatorial radius (Re) and axial
thickness (TA-P), which were extracted from the image by using a MATLAB custom-written program. (B) Table summarizing the average values
extracted for geometrical parameters defined in (A) plus the anterior and posterior conic factors extracted from MRIs of lenses organ cultured in all
the experimental groups. (C) The average values for these lens surface radii, conic factor, and thicknesses listed in (B) have been used to draw
representative profiles for lenses organ cultured in either the absence or presence of either HBN or HBO at 15 hours. Note: the term ‘‘untreated’’
here refers to lenses cultured in AAH for 5 hours or 15 hours without exposure to HBN or HBO.
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FIGURE 8. Effect of HBO exposure on the GRIN in the bovine lens. (A) Maps of T2 constants calculated from lenses treated with HBN or HBO for 5
hours (left) or 15 hours (right). The numbers on the color bar represent T2 values in milliseconds. (B) Line profiles of T2 constants extracted through
the equatorial axis of untreated lenses (green), HBN (blue), or HBO (red) for 5 hours (left) or 15 hours (right) are plotted against the relative distance
into the lens (r/a). (C) T2 constant maps obtained for lenses treated with HBN or HBO for 5 hours (left) or 15 hours (right) shown in (A) have been
converted into color-coded maps of refractive index to visualize the GRIN. (D) Line profiles of refractive index extracted through the equatorial axis of
untreated lenses (green), HBN (blue), or HBO (red) for 5 hours (left) or 15 hours (right) are plotted against the relative distance into the lens (r/a).
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to HBO for 15 hours. These included a decrease in the
refractive index of the lens core, a trend toward reduced lens
thickness, and an increase in optimal focal length consistent
with a hyperopic shift commonly seen in elderly patients.
Collectively, our findings suggest that HBO treatment of bovine
lenses results in changes that are consistent with the aging
process and that this bovine model may be useful as a model of
accelerated aging, but not necessarily as a model of ARN
cataract.
There were some interesting findings from our study that
we feel warrant further discussion.
Human studies clearly demonstrate that with increasing age,
PSSG formation increases in the lens center.29 In addition,
increased PSSG formation also has been detected in the core of
older guinea pigs treated with HBO,9 and in the core of bovine
lenses treated with HBO.14 Therefore, it was surprising that in
contrast to these studies, we were able to detect increased
PSSG formation only in the cortical regions, but not the core
region of HBO-treated bovine lenses. We have a couple of
suggestions that might explain these results. First, increased
PSSG formation in the cortex may represent an early event in
the aging process. Longer treatment times with HBO may
exacerbate the aging/cataractogenic process with PSSG forma-
tion in the core becoming apparent. Second, our Western blot
method relies on an antibody approach that recognizes GSH
protein complexes. Previously, other research groups have
used more sensitive methods such as HPLC and mass
spectrometry to identify specific protein targets of glutathio-
nylation in the lens core as a result of HBO treatment. These
glutathionylated proteins include b- and c-crystallins15,35 and
cytoskeletal proteins, such as b-actin, vimentin, and tubulin.36
In the future, these tools could be applied to examining the
core of HBO-treated lenses to verify our Western blot findings,
as well as identify specific proteins modified by GSH in the lens
cortex. Third, we also should consider that cysteine mixed
protein disulfide (PSSC) formation rather than PSSG formation
may be the major protein mixed disulfide formed in the lens
core of HBO-treated bovine lenses. Bovine lenses contain
relatively equal amounts of PSSG to PSSC, whereas the typical
ratio of PSSG/PSSC is 5.5:1.0 in human lenses, 7.6:1.0 in rabbit
lenses, and 17.0:1.0 in guinea pig lenses.29,30 In addition, the
distribution of protein mixed disulfides in the cortex versus
nucleus is different among species.30 For example, in rat
lenses, most PSSGs are located in the cortex and PSSCs in the
core, whereas in human lenses, PSSG and PSSC almost always
have a preferential presence in the core.30 With this in mind,
further work is required to determine the relative amounts and
distribution of PSSG and PSSCs in the bovine lens in the
absence and presence of HBO.
FIGURE 9. Effect of HBO on the optical properties of the bovine lens and vision quality in a model of the bovine eye. (A) The geometric parameters
(Fig. 7) and GRIN profiles (Fig. 8) were inputted into ZEMAX to calculate the lens power in diopters for each experimental treatment group. (B) The
optimal focal length calculated by using the ‘‘best focus’’ feature of the ZEMAX modeling platform that calculates for each lens dataset the ideal focal
length of a model bovine eye developed in a previous study.16 (C) The ability of the model bovine eye to reproduce an input image of a scene was
tested by using the Image Simulation of ZEMAX. This analysis was performed for each treatment group using either the optimal focal length
calculated by ZEMAX (left column) or a fixed focal length (right column) that was set to the vitreous chamber depth of 12.8 mm (dotted line)
measured in the bovine eye.
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Another interesting finding to emerge from our study was
that HBO treatment of bovine lenses for 15 hours resulted in
changes in the water/protein ratio specifically in the lens IC
and core, resulting in a decrease in the GRIN relative to control
lenses. This is a similar finding to what has been shown in the
core of aged human lenses.34 At this stage, it is unknown if the
decrease in GRIN in the core of the HBO lenses is due to a
decrease in protein content or an increase in water content;
however, an earlier study using Raman micro-spectroscopy has
shown that in human lenses water content increases with
age.35 Such an increase in water content would account for the
observed gradual hyperopic shift that is observed with
advancing age,37,38 and that is distinctly different from the
abrupt myopic shift that is a clinical precursor for the onset of
lens cataract.8,39,40 Our in vitro HBO model appears to mimic
optical changes associated with accelerated aging rather than
cataract formation per se. However, it is important to note that
in vivo HBO exposure of 30 to 35 treatments over a 3-month
period in 16- to 17-month-old guinea pigs eventually induces a
reversible myopic shift41 that is a precursor of cataract
development. Whether the sequence of myopic shift and
cataract formation can be replicated in our in vitro model will
be something of interest to examine in the future.
Although the underlying cellular mechanisms that contrib-
ute to increased water content observed in the aging human
lens, and more specifically in the lens center of the HBO-
treated lenses used in this current study, are unknown, it is
interesting to note that our laboratory has recently shown
that inhibiting the lens circulation system by either pharma-
cologically blocking Naþ pump activity with ouabain, or
depolarizing the lens potential by incubating lenses in high
extracellular Kþ, also altered the optical properties of the
lens.16 However, in these more targeted experimental
perturbations, a myopic shift in lens optical power was
observed rather than the hyperopic shift observed for HBO-
treated lenses in this present study. Taken together, the two
studies show that the alteration of specific components of the
cellular physiology of the lens that drives the circulation
system can either increase (myopic shift) or decrease
(hyperopic shift) the optical power of the lens, suggesting
the optical properties of the lens are linked to the magnitude
of the circulating ion and water fluxes. With regard to how
the oxidative stress induced by HBO exposure is causing a
change in the refractive index specifically in the lens center,
we can envisage at least two scenarios that might account for
the observed change: oxidative damage to gap junction
channels that decreases cell-to-cell coupling that reduces
the outflow of water from the lens core,42 and/or changes to
protein conformation in the lens core that release water
bound to protein to increase the free water content in this
region of the lens.43 Further work will be required to
distinguish between these two possibilities.
In conclusion, we have shown that exposure of lenses to
HBO results in depletion of GSH and increased markers of lipid
peroxidation in the lens core, plus an increase in PSSG
formation in the lens cortex. These biochemical changes are
detected during short HBO exposure and could be used as
early indicators of cataract formation. Longer HBO exposure
induces additional changes to the water/protein ratio in the
lens center and concomitant changes to the optical power of
the lens that produces a hyperopic shift in visual acuity.
Because a hyperopic shift is observed as a function of
aging,37,38 our findings indicate that acute HBO exposure has
effectively accelerated the aging of these young bovine lenses
and suggests that long-term treatment of bovine lenses with
HBO may serve as a useful model to study changes that occur
in the aging lens.
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